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,PDJLQJ &RPSOH[ 6WUXFWXUHV ZLWK 6HPLðUHFXUVLYH
.LUFKKRII 0LJUDWLRQ

%\

+HVKDP $EGHO +DPLG (EDLG

$WWHPSWLQJ WR LPDJH WKH VXEVXUIDFH LQ DUHDV RI FRPSOH[ JHRORJ\ DQG UDSLG ODWHUDO

YHORFLW\ YDULDWLRQ LV D FKDOOHQJLQJ SUREOHPï ,Q SDUWLFXODUñ XVLQJ SUHVWDFN .LUFKKRII

PLJUDWLRQ LQ FRQMXQFWLRQ ZLWK ILUVW DUULYDO WUDYHO WLPHV SURGXFHV SRRU VXEVXUIDFH LPDJHV

ZLWK LQFUHDVLQJ GHSWKï 7KLV SUREOHP LV QRW D OLPLWDWLRQ RI .LUFKKRII PLJUDWLRQñ EXW LW LV

WKH IDLOXUH RI WKH ILQLWH GLIIHUHQFH PHWKRG WR FRPSXWH WUDYHO WLPHV ZKLFK FRUUHVSRQG WR

WKH PRVW HQHUJHWLF DUULYDOVï 'LPLWUL %HYF LQìääæ SURSRVHG D WHFKQLTXH WKDW FRPELQHV WKH

XVH RI WKH ZDYH HTXDWLRQ GDWXPLQJ ZLWK GLYLGLQJ WKH YHORFLW\ PRGHO LQWR VXEVHWVï ,Q HDFK

VXEVHWñ FDOFXODWLRQ RI WKH WUDYHO WLPHV ZLWK WKH ILQLWH GLIIHUHQFLQJ HLNRQDO HTXDWLRQ LV

YDOLGï 7KLV WKHVLV DSSOLHV %HYF©V WHFKQLTXH XVLQJ D VRIWZDUH SDFNDJH õ3UR0$;ô WKDW LV

ZLGHO\ XVHG DPRQJ WKH DFDGHPLF DQG WKH LQGXVWULDO FRPPXQLWLHVï :H QRW RQO\ JHW D

VXSHULRU LPDJH DW GHSWK EXW ZH DOVR HQMR\ WKH VLPSOLFLW\ DQG WKH FRPSXWDWLRQDO HIILFLHQF\

RI XVLQJ WKH ILQLWH GLIIHUHQFH PHWKRGï :H XVH WKH 0DUPRXVL V\QWKHWLF GDWDVHW DV LQSXWñ

ZKLFK VDWLVILHV WKH GHILQLWLRQV RI VWUXFWXUDO FRPSOH[LW\ DQG UDSLG ODWHUDO YHORFLW\

YDULDWLRQï 7R GHPRQVWUDWH WKH HIIHFWLYHQHVV RI RXU DSSURDFKñ WHVWV ZHUH SHUIRUPHG RQ WKH

0DUPVRXL GDWDVHW EHIRUH DQG DIWHU WKH DSSOLFDWLRQ RI WKH VHPLðUHFXUVLYH .LUFKKRII

PLJUDWLRQï



$FNQRZOHGJPHQWV

, ZRXOG OLNH WR WKDQN WKH IROORZLQJ SHRSOH IRU WKHLU VXSSRUW WRZDUGV WKH

FRPSOHWLRQ RI WKLV WKHVLVï

)LUVW RI DOOñ , ZRXOG OLNH WR WKDQN P\ DGYLVRUñ 'Uï:LOOLDP 6\PHVñ IRU KLV WUHPHQGRXV KHOS

DQG JXLGH WKURXJK WKH UHVHDUFKï , ZLOO DOZD\V UHPHPEHU 'Uï6\PHV DV DQ DGYLVRU DQG DV D

SHUVRQ DV ZHOOï $OVR , ZRXOG OLNH WR WKDQN P\ FRPPLWWHH PHPEHUV 'Uï 0DWWKLDV

+HLQNHQVFKORVV DQG 'Uï $ODQ /HYDQGHUñ IRU WKHLU KHOS WKURXJK P\ VWXG\ DW 5LFHï , ZRXOG

OLNH DOVR WR WKDQN 'Uï $PU (OðEDNU\ IRU KLV KHOS WKURXJK P\ VWXG\ DV ZHOO ZLWK WKH UHYLHZ

RI P\ WKHVLVï $ VSHFLDO WKDQNV WR 'Uï -DQ +HZLWW IRU KHU WKRURXJK UHYLHZ RI P\ WKHVLVï

, PXVW VD\ D VSHFLDO WKDQNð\RX WR P\ IHOORZ ZRUNHUV DW 3*6 IRU WKHLU VXSSRUW DQG IRU WKH

PDQ\ GLVFXVVLRQV ZH KDG RQ WKLV VXEMHFWã $OOHQ +DGGLFNñ 2VFDU *DUFLDñ -DFN .LQNHDGñ

DQG 0DWW %U]RVWRZVNL IURP *; 7HFKQRORJ\ï

7KH FRPSXWLQJ UHVRXUFHV ZHUH SURYLGHG E\ WKH 5LFH &HQWHU IRU &RPSXWDWLRQDO

*HRSK\VLFVï

, ZRXOG OLNH WR GHGLFDWH P\ WKHVLV WR P\ SDUHQWVñ P\ EURWKHUV DQG P\ VLVWHUñ ZKR DOZD\V

VXSSRUWHG PH WKURXJK P\ OLIHï 0RVW RI DOOñ , WKDQN P\ ZLIHñ +DQDQñ DQG P\ VRQñ 2PDUñ

ZKR KDYH EHHQ DQG DOZD\V ZLOO EH WKH VRXUFH RI P\ MR\ DQG KDSSLQHVVï



7DEOH RI FRQWHQWV

$EVWUDFW LL

$FNQRZOHGJPHQWV LLL

/LVW LI LOOXVWUDWLRQV Y

ìð ,QWURGXFWLRQ ì

ëð %DFNJURXQG è

êð 0DWHULDOV DQG 0HWKRGV ä

êïì 0DUPRXVL PRGHO ä

êïë )LUVW DUULYDO WUDYHO WLPHV ìê

êïê 3UHðVWDFN .LUFKKRII PLJUDWLRQ ìç

êïé 3UHðVWDFN ZDYH HTXDWLRQ GDWXPLQJ ìä

éð 6HPLðUHFXUVLYH .LUFKKRII 0LJUDWLRQ DQG 'DWD ([DPSOHV ëì

éïì 'DWD SUHSDUDWLRQ ëì

éïë 3UHðVWDFN .LUFKKRII PLJUDWLRQ RI WKH 0DUPRXVL GDWD ëé

éïê 3UHðVWDFN ZDYH HTXDWLRQ GDWXPLQJ ëå

éïé 3UHðVWDFN .LUFKKRII PLJUDWLRQ RI WKH UHGDWXPHG GDWD êç

èð 'LVFXVVLRQ DQG )XWXUH :RUN éí

çð &RQFOXVLRQ éê

%LEOLRJUDSK\ éè

$SSHQGL[ éå



,OOXVWUDWLRQV

êïì 3URILOH RI &XDQVD %DVLQ LQ $QJROD ìì

êïë 6WUHDPHU FRQILJXUDWLRQ ìë

êïê 3URSDJDWLRQ SDWKV IURP WKH VXUIDFH WR DQ LPDJH SRLQW

IRU .LUFKKRII PLJUDWLRQ ìê

êïé 3URSDJDWLRQ SDWKV IURP WKH VXUIDFH WR DQ LPDJH SRLQW

IRU WKH VHPLðUHFXUVLYH .LUFKKRII PLJUDWLRQ ìé

êïè 'LIIUDFWLRQ VXPPDWLRQ ìæ

éïì 0DUPRXVL V\QWKHWLF GDWD )),' éííí ëë

éïë 0DUPRXVL YHORFLW\ PRGHO ëê

éïê 'HSWK PLJUDWHG JDWKHUV ëè

éïé 'HSWK PLJUDWHG VWDFN ëç

éïè 'HSWK PLJUDWHG VWDFN ZLWK WKH YHORFLW\ PRGHO DV D WHPSODWH ëæ

éïç 6\QWKHWLF GDWD ëä

éïæ 6\QWKHWLF GDWD DIWHU UHGDWXP RI WKH UHFHLYHUV êí

éïå 6\QWKHWLF GDWD DIWHU UHGDWXP RI WKH VRXUFH êí

éïä 'HSWK PLJUDWHG JDWKHUV RI WKH V\QWKHWLF GDWD êì

éïìí 'HSWK PLJUDWHG VWDFN RI WKH V\QWKHWLF GDWD êë

éïìì )),' éííí DIWHU UHGDWXP RI WKH UHFHLYHUV êê

éïìë )),' éííí DIWHU UHGDWXP RI WKH VRXUFH êé



éïìê &RPPRQ RIIVHWV ëèí÷éèí IURP WKH UHGDWXP GDWD êé

éïìé 0DUPRXVL YHORFLW\ PRGHO UHGDWXPHG WR ¤ìííí PHWHUV êè

éïìè &RPPRQ RIIVHW ëèí DIWHU .LUFKKRII PLJUDWLRQ êç

éïìç &RPPRQ RIIVHW éèí DIWHU .LUFKKRII PLJUDWLRQ êæ

éïìæ 'HSWK PLJUDWHG JDWKHUV DIWHU WKH UHGDWXP êå

éïìå 'HSWK PLJUDWHG VWDFN DIWHU WKH UHGDWXP êå

éïìä 'HSWK PLJUDWHG VWDFN DIWHU WKH UHGDWXP ZLWK WKH

YHORFLW\ PRGHO DV D WHPSODWH êä



&KDSWHU ì

,QWURGXFWLRQ

7KLV WKHVLV VKRZV D WHFKQLTXH WKDW ZH FDQ DSSO\ XVLQJ FRPPHUFLDO VRIWZDUH DQG

JHWV D VXSHULRU VXEVXUIDFH LPDJH XVLQJ .LUFKKRII PLJUDWLRQ LQ FRQMXQFWLRQ ZLWK ILUVW

DUULYDO WUDYHO WLPHVï 6HDUFKLQJ IRU RLO DQG JDV LQ D FRPSOLFDWHG JHRORJLF HQYLURQPHQW RU

GHHS LQ WKH (DUWK KDV EHFRPH FRPPRQ SUDFWLFH IRU RLO DQG JDV H[SORUDWLRQï 5HVHDUFKHUV

GXULQJ WKH ODVW WHQ \HDUV KDYH LQYHVWLJDWHG WKH SRVVLELOLW\ RI XVLQJ .LUFKKRII PLJUDWLRQ LQ

FRQMXQFWLRQ ZLWK ILUVW DUULYDO WUDYHO WLPHV IRU VXEVXUIDFH LPDJLQJ LQ VXFK DUHDVï

.LUFKKRII PLJUDWLRQ LV EDVHG RQ VXPPDWLRQ RI DPSOLWXGHV LQ õ[ñWô VSDFH DORQJ WKH

GLIIUDFWLRQ FXUYH WKDW FRUUHVSRQGV WR +X\JHQV VHFRQGDU\ VRXUFH DW HDFK SRLQW LQ WKH õ[ñ]ô

VSDFH õ<LOPD] ìäåæôõVHH )LJXUH êïèôï ,Q RWKHU ZRUGVñ LW LV D VXPPDWLRQ RI DOO GDWD

VDPSOHV VKDULQJ WKH VDPH LPDJH SRLQWï 6WLOO WKH TXHVWLRQ UHPDLQVñ ZK\ .LUFKKRII

PLJUDWLRQ" 7KH DQVZHU LV WZRIROGï )LUVWñ LW FDQ KDQGOH LUUHJXODU VDPSOLQJ RI LQSXW GDWDñ

DQG WKDW LV WKH FDVH LQ êð' VHLVPLFñ ZKLFK KDV EHFRPH PRUH DQG PRUH WKH IDYRUHG ZD\ RI

VXEVXUIDFH LPDJLQJï 6HFRQGñ .LUFKKRII PLJUDWLRQ LV XQLTXH LQ LWV DELOLW\ WR PLJUDWH LQSXW

WUDFHV VHOHFWLYHO\ RQWR D SUHVSHFLILHG RXWSXW YROXPHñ DQG WKLV FDSDELOLW\ DOORZV D WDUJHWð

RULHQWHG êð' SUHVWDFN PLJUDWLRQ WR EH SHUIRUPHG KXQGUHGV RI WLPHV IDVWHU WKDQ RWKHU

FRPSHWLQJ PHWKRGV õ*UD\ DQG 0D\ ìääéôï

$UULYDO WLPH LV WKH WRWDO WLPH RI WUDQVLW IURP VRXUFH WR WKH LPDJH SRLQW DQG EDFN WR

WKH UHFHLYHUï :H FDOO LW D ¦ILUVW DUULYDO§ LI LW KLWV WKH UHIOHFWRU õLPDJH SRLQWô DQG FRPHV

EDFN WR WKH UHFHLYHU DORQJ WKH VKRUWHVW SRVVLEOH WZRðZD\ SDWKï /DWHU DUULYDO õRU WUDYHOô



WLPHV DVVRFLDWHG ZLWK WKH VDPH LPDJH SRLQW DOVR DULVH ZKHQ RWKHU WUDYHO SDWKV DUH WDNHQ

õVHH )LJXUH õêïêôï 7KHUH DUH PDQ\ ZD\V RI FRPSXWLQJ WUDYHO WLPHWDEOHVñ EXW WKH ILQLWH

GLIIHUHQFH PHWKRG LV IDYRUHG IRU LWV VLPSOLFLW\ DQG VSHHGï 7UDYHO WLPH WDEOHV DUH LPSRUWDQW

WR PLJUDWLRQ EHFDXVH WKH\ GHWHUPLQH ZKLFK VDPSOH LV WR EH VXPPHG WR WKH LPDJH SRLQWï

7KH ILQLWH GLIIHUHQFH PHWKRG FRPSXWHV RQO\ WKH ILUVW DUULYDO WUDYHO WLPH IRU WKH GLIIUDFWLRQ

SRLQW IROORZLQJ WKH VKRUWHVW WUDYHO SDWK DQG WKXV LV LQDFFXUDWH IRU ODWHU DUULYDOV DVVRFLDWHG

ZLWK WKH VDPH SRLQWï

*HROWUDLQ DQG %UDF LQ ìääê LGHQWLILHG WZR SUREOHPV ZLWK WKLV FRPELQDWLRQ RI

ILQLWH GLIIHUHQFH WUDYHO WLPH FRPSXWDWLRQ DQG .LUFKKRII PLJUDWLRQñ QDPHO\ñ LUUHJXODULW\

DQG LQFRPSOHWHQHVVï ,UUHJXODULW\ RFFXUV LQ WKH IRUP RI GLVFRQWLQXLWLHV LQ WKH WUDYHO WLPH

JUDGLHQWñ ZKLFK FDXVH D PLJUDWLRQ DUWLIDFW NQRZQ DV ¦VPLOHV§ï ,QFRPSOHWHQHVV RFFXUV

ZKHQ HQHUJHWLF HYHQWV DUH PLJUDWHG ZLWK XQUHODWHG WUDYHO WLPHV RI WKH IDVWHU ILUVW DUULYDOñ

FDXVLQJ PLVSRVLWLRQLQJ LQ WKH ILQDO LPDJHñ VSHFLILFDOO\ DW GHSWKV ZKHUH PXOWLSOH DUULYDOV

H[LVWï 7KXVñ ILUVW DUULYDO WUDYHO WLPHV FRPSXWHG E\ WKH ILQLWH GLIIHUHQFH PHWKRG FDQQRW EH

XVHG WR VXP DOO GDWD VDPSOHV WR WKH VDPH LPDJH SRLQWï

'PLWUL %HYF LQ ìääæ SURSRVHG D VROXWLRQ IRU WKHVH SUREOHPVï )LUVWñ KH GLYLGHG WKH

JHRORJLFDO VWUXFWXUH YLVðDðYLV LWV FRUUHVSRQGLQJ YHORFLW\ PRGHO LQWR VXEVHWV DQG WKHQ

FDOFXODWHG ILUVW DUULYDO WUDYHO WLPHV ZKHUH WKH ILQLWH GLIIHUHQFLQJ HLNRQDO VROYHU ZDV YDOLGï

6HFRQGñ E\ GRZQZDUG FRQWLQXDWLRQñ KH UHGDWXPHG WR GHSWK OHYHO ] DQG WKHQ LPDJHG KLV

GDWD IURP WKLV OHYHOï 7KXVñ KLV PHWKRG LV RQH RI DOWHUQDWLQJ EHWZHHQ VWHSV RI GDWXPLQJ



DQG LPDJLQJï +RZHYHUñ DOO WKH ZRUN WKDW %HYF KDV GRQH XVHV FXVWRP FRGHVñ ZKLFK DUH QRW

JHQHUDOO\ DYDLODEOHï

2XU ZRUN LV D FRQWLQXDWLRQ RI ZKDW %HYF KDV GRQHñ EXW LQVWHDG RI XVLQJ

SURSULHWDU\ VRIWZDUH ZH ZLOO EH XVLQJ D FRPPHUFLDOO\ DYDLODEOH SURFHVVLQJ SDFNDJH ZLWK

LWV H[LVWLQJ VRIWZDUHï :H ZLOO SD\ FORVH DWWHQWLRQ WR WKH ZDYH HTXDWLRQ GDWXPLQJ

WHFKQLTXH DQG VKRZ GDWD EHIRUH DQG DIWHU WKH GDWXPLQJ SURFHVVñ VR ZH FDQ EHWWHU

XQGHUVWDQG WKH GLIIHUHQFH EHWZHHQ WKH PLJUDWLRQ SHU VH DQG ZKDW LV FDOOHG GRZQZDUG RU

XSZDUG FRQWLQXDWLRQï :H ZLOO VKRZ WKDW ZH FDQ UHGDWXP D YHORFLW\ PRGHO WR D GHHSHU

GDWXP DQG VWLOO PDLQWDLQ IODW &RPPRQ 'HSWK 3RLQW JDWKHUVñ LïHï &'3 JDWKHUV ZKRVH

SULPDU\ HYHQWV DUH VWLOO PRYHG RXW FRUUHFWO\ ZLWK UHVSHFW WR ]HUR RIIVHWï ,Q RWKHU ZRUGVñ

ZH FDQ UHPRYH WKH HIIHFW RI WKH VKDOORZ FRPSOLFDWHG RYHUEXUGHQ IURP WKH YHORFLW\ ILHOG

DQG WR GR VRñ ZH FDQ XVH D VLPSOH LPDJLQJ DOJRULWKPï )LQDOO\ñ ZH ZLOO SURYH WKDW E\ XVLQJ

WKH VHPLðUHFXUVLYH .LUFKKRII PLJUDWLRQ WHFKQLTXH ZH JHW D PXFK EHWWHU IRFXVHG LPDJH

FRPSDUHG WR VWDQGDUG .LUFKKRII PLJUDWLRQï

)RU WKLV ZRUN ZH FKRVH WKH 3UR0$; õ/DQGPDUN *UDSKLF &RUSRUDWLRQô SDFNDJH DV RXU

GDWD SURFHVVLQJ SODWIRUP JLYHQ LWV ZLGH XVH DPRQJ JHRSK\VLFLVWV DQG JHRORJLVWVï )RU WKH

LQSXW GDWDñ ZH FKRVH WKH 0DUPRXVL V\QWKHWLF GDWDVHW EHFDXVH LW LV VXIILFLHQWO\ FRPSOH[ WR

SURYH RXU PHWKRGñ DQG EHFDXVH LWV NQRZQ YHORFLW\ PRGHO JDYH XV QR UHDVRQ WR XVH

YHORFLW\ DV DQ H[FXVH IRU DQ\ FKDOOHQJH ZH IDFHGï :H VWDUWHG WKH H[HUFLVH E\ PLJUDWLQJ

WKH 0DUPRXVL GDWDñ DQG LQGHHG ZH JRW D JRRG LPDJH LQ WKH VKDOORZ VHFWLRQ DV ZHOO DV RQ



ERWK VLGHV RI WKH PRGHOï 7KHQ ZH GRZQZDUG FRQWLQXHG WKH GDWD WR D GHSWK RI ìííí

PHWHUVâ WKHQ ZH PDWFKHG WKH YHORFLW\ WR WKH VDPH GDWXPï 7KH VHLVPLF ZDV WKH LQSXW WR WKH

SUHVWDFN .LUFKKRII GHSWK PLJUDWLRQï :H SURGXFHG &'3 JDWKHUV DQG VXEVHTXHQWO\ VWDFNHG

WKHVH JDWKHUVï 7KLV VWDFN VKRZHG D PXFK EHWWHU IRFXVHG LPDJH DW WKH WDUJHW ]RQH

õDSSUR[LPDWHO\ ëèíí PHWHUVô FRPSDUHG WR WKH VWDQGDUG .LUFKKRII PLJUDWLRQï

7KLV WKHVLV LV EXLOW XS DV IROORZVï ,Q WKH QH[W FKDSWHU ZH OD\ RXW WKH EDFNJURXQG RI

WKH SUREOHP DV ZHOO VRPH VROXWLRQV WKDW ZHUH SURSRVHG GXULQJ WKH ODVW WHQ \HDUVï &KDSWHU

ê FRQWDLQV WKH PDWHULDOV DQG PHWKRGV LQFOXGLQJ D GHWDLOHG GHVFULSWLRQ RI WKH 0DUPRXVL

PRGHO DQG D GHWDLOHG GHVFULSWLRQ RI ILUVW DUULYDO WUDYHO WLPHñ .LUFKKRII PLJUDWLRQ DQG ZDYH

HTXDWLRQ GDWXPLQJï &KDSWHU é SUHVHQWV WKH VHPLðUHFXUVLYH .LUFKKRII PLJUDWLRQ PHWKRG

DQG LWV UHVXOWV RQ WKH 0DUPRXVL GDWDVHWï ,Q FKDSWHU è ZH SUHVHQW D GLVFXVVLRQ DQG IXWXUH

ZRUN IRU WKLV PHWKRGï :H SUHVHQW RXU FRQFOXVLRQV LQ FKDSWHU çï )LQDOO\ ZH ZLOO KDYH DQ

DSSHQGL[ IRU DOO WKH SURFHVVLQJ IORZV ZH XVHG RQ 3UR0$;ï



&KDSWHU ë

%DFNJURXQG

:RUOGZLGH GHPDQG IRU RLO PDNHV LPDJLQJ WKH (DUWK©V VXEVXUIDFH D YHU\ DFWLYH

VXEMHFWï ,Q ìääê *HROWUDLQ DQG %UDF DVNHG WKH TXHVWLRQñ FDQ ZH LPDJH FRPSOH[ VWUXFWXUHV

ZLWK ILUVWðDUULYDO WUDYHO WLPH" 7KH\ H[SHULHQFHG LPDJLQJ GLIILFXOWLHV õLPDJHV QRW VKDUS

DQG FRPSOH[ VWUXFWXUHV PLVSRVLWLRQHGô ZLWK .LUFKKRII PLJUDWLRQ XVLQJ ILUVWðDUULYDO WUDYHO

WLPHV õ$XGHEHUW HW DOïñ ìääæâ *UD\ DQG 0D\ñ ìääêôï 7KHLU SURSRVHG VROXWLRQV ZHUH WR

HLWKHU UD\ WUDFH WR ILQG WKH PRVW HQHUJHWLF DUULYDOVñ RU WR FDOFXODWH G\QDPLFDOO\ FRUUHFW

PXOWLSOHð DUULYDO *UHHQ©V IXQFWLRQVï

,Q ìääé *UD\ DQG 0D\ VXJJHVWHG ZLWK WKHLU UHVHDUFK WKDW .LUFKKRII DOJRULWKPV

XVLQJ ILUVWðDUULYDO WUDYHO WLPHV GR D SRRU MRE RI LPDJLQJ FRPSOH[ VWUXFWXUHVï (YHQ WUDYHO

WLPH PHWKRGV WKDW FDOFXODWH PXOWLSOH DUULYDOV DQG PRVW HQHUJHWLF DUULYDOV DORQJ ZLWK

HVWLPDWHV RI DPSOLWXGH DQG SKDVH GR QRW DOZD\V UHVXOW LQ VDWLVIDFWRU\ LPDJHV õ%HYFñ

ìääæôï

,Q ìääé 'DYH 1LFKROV FDOFXODWHG õEDQG OLPLWHGô *UHHQ©V IXQFWLRQV LQ WKH

IUHTXHQF\ GRPDLQ WR FDOFXODWH WUDYHO WLPHV IRU .LUFKKRII PLJUDWLRQï +H DOVR HVWLPDWHG

ERWK DPSOLWXGH DQG SKDVHï +H VKRZHG WKDW FDOFXODWLQJ WUDYHO WLPHV LQ WKH IUHTXHQF\

GRPDLQ JLYHV PXFK EHWWHU UHVXOWV JLYHQ WKDW WKH WUDYHO WLPHV WUDFN WKH KLJKðHQHUJ\ SDUW RI

WKH ZDYH ILHOG EHWWHU õ1LFKROVñ ìääéôï 7UDYHO WLPHV DUH VWLOO QRW DEOH WR FDSWXUH DOO WKH

HYHQWV WKDW VKRXOG EH VXPPHG FRKHUHQWO\ WR IRUP WKH EHVW LPDJHï 7KLV WUDYHO WLPH

FDOFXODWLRQ



PHWKRG LV FRPSXWDWLRQDOO\ FRPSOH[ DQG PXFK PRUH FRVWO\ WKDQ ILUVWðDUULYDO WUDYHO WLPH

FRPSXWDWLRQ PHWKRGVï

,Q KLV ìääæ *HRSK\VLFV DUWLFOHñ 'LPLWUL %HYF SUHVHQWV WKH WRSLF RI LPDJLQJ

FRPSOH[ VWUXFWXUH ZLWK VHPLUHFXUVLYH .LUFKKRII PLJUDWLRQï ,W LV JHQHUDOO\ DFFHSWHG WKDW

PLJUDWLRQ DOJRULWKPV WKDW XVH UHFXUVLYH ZDYH ILHOG FRQWLQXDWLRQ WR EDFNZDUGV SURSDJDWH

WKH UHFHLYHG ZDYH ILHOG SURGXFH WKH EHVW LPDJHVï 8QIRUWXQDWHO\ñ WKHVH PHWKRGV RIWHQ

UHTXLUH UHJXODU VSDWLDO VDPSOLQJ DQG DUH FRPSXWDWLRQDOO\ LQWHQVLYHï 7KLV LV ZK\

QRQUHFXUVLYH PHWKRGV EDVHG RQ WKH .LUFKKRII LQWHJUDO DUH DWWUDFWLYHñ HVSHFLDOO\ IRU êð'

SUHVWDFN LPDJLQJ REMHFWLYHVï .LUFKKRII DOJRULWKPV FDQ DFFRPPRGDWH LUUHJXODU VDPSOLQJ

HDVLO\ñ DQG WKH\ FDQ EH DSSOLHG LQ D WDUJHWðRULHQWHG IDVKLRQï 8VLQJ ILUVWðDUULYDO WUDYHO WLPHV

LV SRSXODU EHFDXVH WKH\ DUH FRPSXWHG HIILFLHQWO\ñ DQG WKH\ KDYH WKH DWWUDFWLYH SURSHUW\ RI

ILOOLQJ WKH HQWLUH FRPSXWDWLRQDO JULG õ%HYFñ ìääæôï

%HYF©V DSSURDFK GHSHQGV RQ EUHDNLQJ XS WKH FRPSOLFDWHG YHORFLW\ VWUXFWXUHï 7R

GR WKLV KH FDOFXODWHV WKH WUDYHO WLPHV LQ D VXEVHW RI WKH YHORFLW\ PRGHO ZKHUH D ILQLWH

GLIIHUHQFH VROYHU VXFK DV (LNRQDO HTXDWLRQ LV YDOLGï ,Q RWKHU ZRUGVñ LW FRPSXWHV DOO

DUULYDOVñ DQG WKHVH DUULYDOV FDQ EH FRQVLGHUHG ILUVW DUULYDOV ZKHQ WKH\ DUH VXIILFLHQWO\ FORVH

WR WKH VRXUFHñ LïHï QR ODWHU DUULYDOV H[LVWï +LV PHWKRG KDV WKH DGYDQWDJH RI XVLQJ D VLPSOH

ILUVWðDUULYDO WUDYHO WLPHV DOJRULWKPñ ZKLFK DGGV DQ HIILFLHQF\ IDFWRU WR WKH SURFHVVï 7KH

GDWD FDQ EH UHV\QWKHVL]HG DW DQ\ VXEVXUIDFH GDWXP E\ GRZQZDUG FRQWLQXDWLRQ ZLWK D

.LUFKKRII GDWXPLQJ DOJRULWKPï 7KH VHPLUHFXUVLYH GHILQLWLRQ FDPH DV D UHVXOW RI WKH



GDWXPLQJ GHSWK VWHS EHLQJ PXFK JUHDWHU WKDQ WKH GHSWK VWHS XVHG LQ SKDVH VKLIW RU ILQLWHð

GLIIHUHQFH VKRWðSURILOH PLJUDWLRQVï $IWHU FDOFXODWLQJ WKH WUDYHO WLPHV IURP WKH VXUIDFHñ KH

XVHV WKRVH WUDYHO WLPHV WR PLJUDWH IURP WKH VXUIDFH WR GHSWK ]ìñ DQG WKHQ KH GRZQZDUG

FRQWLQXHV WKH GDWD WR WKH VDPH GHSWK ]ìï 7KHQ KH FDOFXODWHV WKH WUDYHO WLPHV IURP GHSWK ]ì

DQG XVHV WKHP WR PLJUDWH DQG GRZQZDUG FRQWLQXH WKH GDWD WR ]ë DQG VR IRUWKï 7KH GDWD KH

XVHV LV D V\QWKHWLF ëð' GDWD VHW PRGHOHG DIWHU WKH &XDQ]D EDVLQ LQ $QJRODñ :HVW $IULFD

NQRZQ DV WKH 0DUPRXVL PRGHO õVHH VHFWLRQ êïìôï 7KH VWUXFWXUDO VW\OH RI WKH 0DUPRXVL

0RGHO LV GRPLQDWHG E\ JURZWK IDXOWV WKDW DULVH IURP VDOW FUHHS DQG FDXVH WKH FRPSOLFDWHG

YHORFLW\ VWUXFWXUH LQ WKH XSSHU SDUW RI WKH PRGHOï 7KH PDLQ LPDJLQJ REMHFWLYH LV WKH

UHVHUYRLU LQ WKH DQWLFOLQDO VWUXFWXUH EHORZ WKH VDOWï 7KH V\QWKHWLF GDWD VHW FRQVLVWV RI ëéí

VKRWV ZLWK äç WUDFHV HDFKï

%HYF DSSOLHG WKH VHPLUHFXUVLYH DOJRULWKPV WR WKH 0DUPRXVL GDWD E\ GRZQZDUG

FRQWLQXLQJ WKH GDWD WR ìèíí PHWHUV LQ RQH GDWXP VWHSï +LV UHVXOW ZDV D GHILQLWH

LPSURYHPHQW IURP VWDQGDUG .ULFKKRII PLJUDWLRQï +H ZHQW IXUWKHU DQG VKRUWHQHG WKH

GDWXPLQJ VWHS WR èíí PHWHUV DQG LQGHHG JRW D EHWWHUðIRFXVHG LPDJHï +H WKHQ FRPSDUHG

KLV UHVXOW ZLWK WKH IROORZLQJ PLJUDWLRQVã

x 6KRWðSURILOH 0LJUDWLRQã 'DWD TXDOLW\ LV DOPRVW WKH VDPH DV VHPLUHFXUVLYH .LUFKKRII

PLJUDWLRQï %XW %HYF SRLQWV RXW WKDW WKLV PHWKRG LV H[SHQVLYH DQG UHTXLUHV UHJXODU DQG

ILQH VDPSOLQJ RI WKH UHFRUGLQJ VXUIDFHñ ZKLFK PDNHV LW LPSUDFWLFDO IRU êð' 'DWDï

x .LUFKKRII PLJUDWLRQ XVLQJ PD[LPXP HQHUJ\ WUDYHO WLPH XVLQJ SDUD[LDO UD\ WUDFLQJã

'DWD TXDOLW\ RI WKH VHPLUHFXUVLYH .LUFKKRII PLJUDWLRQ VKRZHG EHWWHU LPDJLQJ WKDQ



PLJUDWLRQ XVLQJ SDUD[LDO UD\ WUDFLQJï 0LJUDWLRQ XVLQJ SDUD[LDO UD\ WUDFLQJ UHTXLUHV

H[WHQVLYH VPRRWKLQJ RI WKH VORZQHVV PRGHO WR HQVXUH VWDELOLW\ RI WKH UD\ WUDFLQJï

x %DQGðOLPLWHG *UHHQ©V IXQFWLRQ WR FDOFXODWH WUDYHO WLPHV IRU .LUFKKRII PLJUDWLRQã 'DWD

TXDOLW\ RI WKH VHPLUHFXUVLYH .LUFKKRII PLJUDWLRQ LV EHWWHU WKDQ PLJUDWLRQ XVLQJ

*UHHQ©V IXQFWLRQ WR FDOFXODWH WUDYHO WLPHVï 7KH *UHHQ©V IXQFWLRQ PHWKRG VKRZV WKDW

FDOFXODWLQJ WUDYHO WLPHV LQ WKH IUHTXHQF\ GRPDLQ KDV DQ DGYDQWDJH LQ WUDFNLQJ WKH

KLJKðHQHUJ\ SRUWLRQ RI WKH ZDYH ILHOGï +RZHYHUñ WKLV PHWKRG ZDV XQDEOH WR FDSWXUH

DOO WKH HQHUJ\ WR EH VXPPHG FRKHUHQWO\ WR IRUP D EHWWHU LPDJHï

%HYF FRQFOXGHV WKDW VHPLUHFXUVLYH .LUFKKRII PLJUDWLRQ QRW RQO\ FUHDWHV EHWWHU

LPDJHV EXW DOVR KDV DGYDQWDJHV LQ WKH IROORZLQJ DUHDVã

x ,I D YHORFLW\ PRGHO LV GLYLGHGñ WKHQ WKH QXPEHUV RI WUDYHO WLPH FDOFXODWLRQV DUH

VLJQLILFDQWO\ UHGXFHGï $OVR WKH VSDFH UHTXLUHG IRU VWRUDJH GXULQJ WUDYHO WLPH

FDOFXODWLRQ LV PXFK VPDOOHUï

x &RPSXWDWLRQV SHU WUDFH DUH UHGXFHG DIWHU HDFK GHSWK VWHSï

x 0LJUDWLRQ DQG GDWXPLQJ DSHUWXUHV FDQ EH UHGXFHGï 7KDW PHDQV ZH ZLOO FXW FRVWV DQG

WKH DPRXQW RI LQSXW GDWD LQ PHPRU\ï



&KDSWHU ê

0DWHULDOV DQG 0HWKRGV

7KLV FKDSWHU ZLOO H[SODLQ LQ GHWDLO WKH PDWHULDOV DQG PHWKRGV XVHG WKURXJKRXW WKH

FRXUVH RI WKLV UHVHDUFKï :H ZLOO VWDUW ZLWK D IXOO GHVFULSWLRQ RI WKH 0DUPRXVL PRGHOñ WKHQ

H[SODLQ WKH ILUVW DUULYDO WUDYHO WLPH DQG WKH .LUFKKRII PLJUDWLRQ FRQFHSWVï )LQDOO\ ZH ZLOO

H[SODLQ WKH ZDYH HTXDWLRQ GDWXPLQJ WHFKQLTXHï

êïì 0DUPRXVL 0RGHOã

%DFNJURXQG

,Q ìäååñ D FRPSOH[ ë' JHRORJLFDO PRGHO ZDV JHQHUDWHG DQG IURP LW D V\QWKHWLF

VHLVPLF GDWD VHW ZDV JHQHUDWHG õ3ï 5LFDUWH DQG 5ï 9HUVWHHJôï 7KH PRGHO DQG WKH GDWD ZHUH

GHVLJQHG VSHFLILFDOO\ E\ WKH ,QVWLWXW )UDQFDLV GX 3HWUROH õ,)3ôï 7KH PRGHO ZDV QDPHG

0DUPRXVLï 7KH PRGHO LQFRUSRUDWHV WZR NH\ SURSHUWLHVã

x EDVHG RQ UHDO JHRORJ\

x UHSUHVHQWHG D FRPSOH[ VWUXFWXUH VXFK WKDW WKH DVVXPSWLRQV RQ ZKLFK FRQYHQWLRQDO

VHLVPLF GDWD SURFHVVLQJ UHO\ VKRXOG QRW KROG õ$ï%RXUJHRLV HW DOïñ ìääíôï

*HRORJLFDO GHVFULSWLRQ

7KH 0DPRXVL PRGHO LV EDVHG RQ D SURILOH WKURXJK WKH QRUWK 4XHQJXHOD WURXJK WKH

&XDQ]D EDVLQ LQ $QJROD õVHH )LJXUH õêïìôôï 7KH EDVLQ LV DQ LVRSDFKRXV VDOLIHURXV

HYDSRULWLF VHULHV RQ WRS RI FOD\H\ðPDUO ULFK LQ RUJDQLF PDWHULDOV õ9HUULHU DQG %UDQFR

ìäæëôï 7KH JHRORJLF PRGHO RI WKH EDVLQ FRQVLVWV RIã



x $ GHOWDLF VHGLPHQW LQWHUYDOñ WKLFNHQLQJ IURP ZHVW WR HDVWñ GHSRVLWHG XSRQ D VDOLIHURXV

HYDSRULWLF VHULHVï 7KH HDVWHUQ SRUWLRQ LV PRUH DIIHFWHG E\ FRQWLQXRXV ODWHUDO VDOW FUHHSñ

DQG QRUPDO JURZWK IDXOWV DUH GHYHORSHGï

x 3UHVDOLIHURXV IROGHG FDUERQDWH SODWIRUP GHSRVLWV LQ ZKLFK D VWUXFWXUDO K\GURFDUERQ

WUDS LV H[SHFWHGï

7KH JHRORJLFDO KLVWRU\ FRQVLVWV RI WZR SKDVHVã

x 7KH ILUVW SKDVH FRUUHVSRQGV WR FRQWLQXRXV SODWIRUP VHGLPHQWDWLRQ RI PDUOV DQG

FDUERQDWHVï $W WKH HQG RI WKLV VHTXHQFH WKHVH GHSRVLWV ZHUH VOLJKWO\ IROGHG WKHQ

HURGHG ZLWK WKH HURVLRQ VXUIDFH EHLQJ IODWï

x 7KH VHFRQG SKDVH EHJDQ ZLWK WKH GHSRVLWLRQ RI WKLFN VKDOHðVDQG\ GHWULWDO VHGLPHQWVñ

ZKRVH IDFH WKLFNQHVV ZDV JRYHUQHG E\ D FRQWLQXRXV ODWHUDO FUHHS RI VDOW UHVXOWLQJ

IURP WKH RYHUEXUGHQ SUHVVXUHï /LQNHG WR WKLV VDOW FUHHSñ ZKLFK PD\ ORFDOO\ FDXVH

FRPSOHWH GLVDSSHDUDQFHV RI WKH VDOWñ GLSSLQJ JURZWK IDXOWV GHYHORSHG DQG ZHUH DFWLYH

FRQWLQXRXVO\ GXULQJ WKH GHSRVLWLRQ RI WKH GHWULWDO VHULHVï



)LJXUH êïì 3URILOH RI &XDQVD %DVLQ LQ $QJROD

'DWD DFTXLVLWLRQ

7KH OLQH ZDV VKRW IURP ZHVW WR HDVWï 7KH ILUVW DQG ODVW VKRW SRLQWV ZHUH

UHVSHFWLYHO\ ORFDWHG DW êííí DQG åäæè PHWHUV IURP WKH ZHVW HGJH RI WKH PRGHOï 7KH VKRW

LQWHUYDO ZDV ëè PHWHUVï 7KH VRXUFH FRQVLVWV RI ç ZDWHUJXQV ZLWK D VSUHDG RI éí PHWHUVâ

WKH VKRW SRLQW SRVLWLRQV ZHUH LQ WKH PLGGOH RI WKH VRXUFH DUUD\ï 7KH ZDWHUJXQ ZDYHOHW

XVHG IRU WKH PRGHOLQJ ZDV REWDLQLQJ E\ GLJLWL]LQJ D UHDO QHDU ILHOG VLJQDWXUHñ ZKLFK ZDV

ILOWHUHG ZLWK D WUDSH]RLG IUHTXHQF\ ILOWHU õíñìíñéíñçí +]ôï 7KH VWUHDPHU ZDV FRPSRVHG RI

äç K\GURSKRQH JURXSVï 7KH JURXS LQWHUYDO ZDV ëè PHWHUVñ QHDU RIIVHW ZDV ëíí PHWHUV DQG

D IDU RIIVHW ZDV ëèæè PHWHUV õVHH )LJXUH õêïëôôï



)LJXUH êïë 6WUHDPHU FRQILJXUDWLRQ

'DWD JHQHUDWLRQ

7KH JHRPHWULF PRGHO FRQWDLQLQJ ìçí OD\HUV ZDV ILUVW JHQHUDWHG XVLQJ WKH 0,0,&

PRGXOH RI WKH 6,(55$ SDFNDJHï 7KHQ WKH YHORFLW\ DQG GHQVLW\ GLVWULEXWLRQV ZHUH GHILQHG

E\ LQWURGXFLQJ UHDOLVWLF KRUL]RQWDO DQG YHUWLFDO YHORFLW\ JUDGLHQWVï )RU WKH GDWD JHQHUDWLRQñ

WKH PRGHOLQJ SDFNDJH SHUIRUPV WKH VLPXODWLRQ RI D ZKROH VHLVPLF OLQH DFURVV WKH JHRORJLF

EDVLQ E\ FRPSXWLQJ VXFFHVVLYHO\ WKH GLIIHUHQW VKRW UHFRUGVï 7KLV PRGHOHU XVHV D VHFRQG

RUGHU H[SOLFLW ILQLWHðGLIIHUHQFH VFKHPHï $IWHU WKH GDWD JHQHUDWLRQ D EDQG SDVV ILOWHU

õíñìíñêèñèè +]ô ZDV XVHG WR SDUWO\ UHPRYH WKH QXPHULFDO GLVSHUVLRQï



êïë )LUVW DUULYDO WUDYHO WLPHV

7UDYHO WLPHV LQ D KRPRJHQHRXV PHGLXP DUH DOO ILUVW DUULYDOV ZKHUHã

7  G î Yñ 7 LV WLPHñ G LV GHSWK DQG Y LV YHORFLW\ï ,Q WKH FDVH RI UHIUDFWLRQñ UD\V WHQG WR

EHQG WRZDUGV VORZHU YHORFLW\ OHDGLQJ WR PXOWLSOH DUULYDOVï (LNRQDO VROYHUV XVH ILQLWH

GLIIHUHQFH PHWKRG WR VROYH WKH HLNRQDO HTXDWLRQï (LNRQDO HTXDWLRQ FRPSXWHV RQO\ ILUVW

DUULYDO WUDYHO WLPHV õ9LGDOHñ ìäååñ YDQ 7ULHU DQG 6\PHVñ ìääìôï

)LJXUH êïê 3URSDJDWLRQ SDWKV IURP WKH VXUIDFH

WR DQ LPDJH SRLQW IRU .LUFKKRII PLJUDWLRQ



)LJXUH êïé 3URSDJDWLRQ SDWKV IURP WKH VXUIDFH WR DQ LPDJH SRLQW

IRU WKH VHPLðUHFXUVLYH .LUFKKRII PLJUDWLRQ

*UD\ DQG 0D\ LQ ìääé SURSRVHG DQ DOWHUQDWLYH WR D SUHYLRXVO\ HPSOR\HG DSSURDFK RI

UD\ VKRRWLQJ õUD\ WUDFLQJô IROORZHG E\ LQWHUSRODWLRQ RI WUDYHO WLPHV RQWR D UHJXODU JULGï

7KH\ LQVWHDG FRPSXWHG WKH WUDYHO WLPHV E\ GLUHFWO\ VROYLQJ WKH HLNRQDO HTXDWLRQ RQ D

UHJXODU JULGñ ZLWKRXW FRPSXWLQJ UD\SDWKVï 7KHLU QHZ LPSOHPHQWDWLRQ RI D JULGGHG

HLNRQDO HTXDWLRQ VROYHU ZDV GHVLJQHG WR DGGUHVV WKH SUREOHP RI LQWHUSRODWLQJ WLPH LQWR

WKH PLJUDWLRQ JULGï



%HYF LQ KLV SDSHU LQ *HRSK\VLFV ìääæ VKRZV ZLWK D PRGHOLQJ SURJUDP WKDW WKH 0DUPRXVL

YHORFLW\ PRGHO JHQHUDWHV FRPSOH[ SURSDJDWLRQ SDWKV LQ ZKLFK ODWH HQHUJHWLF DUULYDOV GR

QRW ILW ZHOO ZLWK ILUVW DUULYDO ILQLWH GLIIHUHQFH WUDYHO WLPHVï )LJXUH êïê VKRZV WKH

SURSDJDWLRQ SDWKV IURP WKH VXUIDFH WR DQ LPDJH SRLQW IRU .LUFKKRII PLJUDWLRQï

)LJXUH êïé VKRZV WKH SURSDJDWLRQ SDWKV IURP WKH VXUIDFH WR DQ LPDJH SRLQW IRU 6HPLð

UHFXUVLYH .LUFKKRII PLJUDWLRQï %HYF FRQFOXGHV WKDW LI WKH WUDYHO WLPH FDOFXODWLRQ LV

OLPLWHG WR HDUO\ WLPHVñ WKH ILUVW DUULYDO WUDYHO WLPHV DFFXUDWHO\ SDUDPHWHUL]H WKH PRVW

HQHUJHWLF SRUWLRQV RI WKH DFRXVWLF ZDYH ILHOGï 7KH PRGHO KH XVHG JHQHUDWHG VQDSVKRWV RI

WKH DFRXVWLF ZDYH ILHOG IURP WZR VXUIDFH ORFDWLRQV LQ WKH 0DUPRXVL PRGHOï 7KLV H[HUFLVH

LV LPSRUWDQW EHFDXVH LW H[SODLQV WKH JUHDW LPSURYHPHQW ZH DFKLHYHG LQ WKH ILQDO LPDJH

FRPSDUHG WR WKH VWDQGDUG .LUFKKRII PLJUDWLRQï



êïê 3UHðVWDFN .LUFKKRII PLJUDWLRQ

ìð 3ULQFLSOHVâ

0LJUDWLRQ PRYHV GLSSLQJ UHIOHFWRUV LQWR WKHLU WUXH VXEVXUIDFH SRVLWLRQV DQG FROODSVHV

GLIIUDFWLRQñ WKHUHE\ GHOLQHDWLQJ GHWDLOHG VXEVXUIDFH IHDWXUHV VXFK DV IDXOW SODQHVï

.LUFKKRII PLJUDWLRQ LV EDVHG RQ VXPPDWLRQ RI DPSOLWXGHV RI DOO WLPHV VKDULQJ WKH VDPH

LPDJH SRLQWï 7KH PLJUDWLRQ VFKHPH EDVHG RQ GLIIUDFWLRQ VXPPDWLRQ FRQVLVWV RI VHDUFKLQJ

WKH LQSXW GDWD LQ õVñUñWô VSDFH IRU HQHUJ\ WKDW ZRXOG KDYH UHVXOWHG LI D GLIIUDFWLRQ VRXUFH

ZHUH ORFDWHG DW D SDUWLFXODU SRLQW LQ WKH RXWSXW õ[ñ]ô VSDFHõ VDPH DV .LUFKKRII PLJUDWLRQôï

7KLV VHDUFK LV FDUULHG RXW E\ VXPPLQJ WKH DPSOLWXGHV LQ õVñUñWô VSDFH DORQJ WKH GLIIUDFWLRQ

FXUYH WKDW FRUUHVSRQGV WR +X\JHQV© VHFRQGDU\ VRXUFH DW HDFK SRLQW LQ WKH õ[ñ]ô VSDFH õVHH

)LJXUH êïèôï 7KH UHVXOW RI WKLV VXPPDWLRQ LV WKHQ PDSSHG RQWR WKH FRUUHVSRQGLQJ SRLQW LQ

WKH õ[ñ]ô VSDFHï 'LIIUDFWLRQ VXPPDWLRQ LV D VWUDLJKWIRUZDUG VXPPDWLRQ RI DPSOLWXGHV

DORQJ WKH K\SHUEROLF WUDMHFWRU\ ZKRVH FXUYDWXUH LV JRYHUQHG E\ WKH YHORFLW\ IXQFWLRQ

õ<LOPD] ìäåæôï $ NH\ LVVXH IRU .LUFKKRII PLJUDWLRQ LV WKH FKRLFH RI DQ DOJRULWKP IRU

JHQHUDWLQJ WUDYHO WLPH PDSVï



)LJXUH êïè $PSOLWXGHV DW LQSXW % LQ VHFWLRQ õDô LV VXPPHG DORQJ WKH GLIIUDFWLRQ FXUYH DQG

PDSSHG LQWR WKH RXWSXW VHFWLRQ õEô DW ORFDWLRQ $ï õ<LOPD]ñ ìäåæô



ëð $GYDQWDJHVã

x 7KH .LUFKKRII LQWHJUDO LV DWWUDFWLYH HVSHFLDOO\ IRU SUHðVWDFN LPDJLQJ REMHFWLYHV

EHFDXVH LW FDQ DFFRPPRGDWH LUUHJXODU VDPSOLQJ HDVLO\ï ,UUHJXODU VDPSOLQJ LV WKH FDVH

LQ êð' VHLVPLF IRU ERWK ODQG DQG PDULQH UHFRUGLQJVï

x .LUFKKRII PLJUDWLRQ LV XQLTXH LQ LWV DELOLW\ WR PLJUDWH LQSXW WUDFHV VHOHFWLYHO\ RQWR D

WDUJHW RULHQWHG RXWSXWï 7KLV DGYDQWDJH DOORZV êð' SUHVWDFN PLJUDWLRQ WR EH SHUIRUPHG

KXQGUHG RI WLPHV IDVWHU E\ WKH .LUFKKRII PHWKRG WKDQ E\ FRPSHWLQJ PHWKRGV VXFK DV

VKRW SURILOH DQG )ð; PLJUDWLRQï

x .LUFKKRII PLJUDWLRQ ZRUNV YHU\ HIILFLHQWO\ ZKHQ LW XVHV ILUVW DUULYDO WUDYHO WLPHV EXW

PLVWLPHV DQG PLVSRVLWLRQV ZLWK ODWHU DUULYDOVï



êïé 3UHð6WDFN :DYH HTXDWLRQ GDWXPLQJã

:DYH HTXDWLRQ GDWXPLQJ LV WKH QDPH JLYHQ WR XSZDUG RU

GRZQZDUG FRQWLQXDWLRQ RI VHLVPLF GDWD ZKHQ WKH SXUSRVH LV WR UHGHILQH WKH UHIHUHQFH

VXUIDFH RQ ZKLFK WKH VRXUFHV DQG UHFHLYHUV DSSHDU WR EH ORFDWHG õ%HUU\KLOOñ ìäæäôï 7KLV

WHFKQLTXH GLIIHUV IURP FRQYHQWLRQDO GDWXPLQJ PHWKRGV EHFDXVH LW LV D G\QDPLF UDWKHU

WKDQ VWDWLF DSSURDFKï :DYH HTXDWLRQ GDWXPLQJ SURYLGHV DQ DOWHUQDWLYH WR YHORFLW\

UHSODFHPHQW VWDWLF FRUUHFWLRQVñ ZKLFK DVVXPH WKDW WKH OD\HUV FDQ EH VWULSSHG DZD\ DQG

UHSODFHG YHUWLFDOO\ ZLWKRXW UHJDUG WR WKH FKDQJHV LQ UD\SDWK DQJOHV FDXVHG E\ WKH LPSOLFLW

PRYHPHQW RI VRXUFHV DQG UHFHLYHUV WR HOHYDWLRQV GLIIHUHQW IURP ZKHUH WKHVH ZHUH

UHFRUGHGï 3HUIRUPLQJ WKLV SURFHGXUH RQ XQVWDFNHG GDWD UHTXLUHV QR FKDQJH LQ WKH

PDWKHPDWLFDO DOJRULWKPï 2QH PXVW VLPSO\ UHFRJQL]H WKDW RSHUDWLQJ RQ FRPPRQ VRXUFH

WUDFHV KDV WKH HIIHFW RI PRYLQJ WKH UHFHLYHUV IURP RQH GDWXP WR DQRWKHUñ DQG EHFDXVH RI

UHFLSURFLW\ñ RSHUDWLQJ RQ FRPPRQ UHFHLYHU WUDFHV OLNHZLVH PRYHV WKH GDWXP RI WKH

VRXUFHVï 7ZR SDVVHV WKURXJK WKH GDWDñ FRPPRQ VRXUFH FRPSXWDWLRQVñ WKHQ FRPPRQ

UHFHLYHU FRPSXWDWLRQVñ DUH UHTXLUHG WR FKDQJH WKH GDWXP RI DQ HQWLUH VHLVPLF OLQH EHIRUH

VWDFN IURP RQH VXUIDFH WR DQRWKHU õ%HUU\KLOOñ ìäåéôï 7KH\ DUH WZR DSSURDFKHV WR WKH ZDYH

HTXDWLRQ GDWXPLQJã

x 7KH .LUFKKRII LQWHJUDO IRUPXODWLRQ RI ZDYH HTXDWLRQ GDWXPLQJ FDQ SURYLGH D EDVLV IRU

FRPSXWDWLRQ WR GHDO ZLWK WKH LUUHJXODU VXUIDFHV DQG YDULDEOH YHORFLWLHV WKDW DUH FHQWUDO

WR RXU SUREOHPï 7KH QXPHULFDO LPSOHPHQWDWLRQ RI WKH .LUFKKRII DSSURDFK FDQ EH



UHGXFHG WR DQ HIILFLHQW SURFHGXUH LQYROYLQJ VXPPDWLRQ DQG FRQYROXWLRQV RI VHLVPLF

WUDFHV ZLWK VKRUW VKDSLQJ DQG ZHLJKWLQJ RSHUDWRUV õ%HUU\KLOO ìäæäôï 7KLV DSSURDFK

ZDV QRW DYDLODEOH LQ 3UR0$;ñ KHQFH ZH GLG QRW XVH LWï

x 7KH RWKHU DSSURDFK WR ZDYH HTXDWLRQ GDWXPLQJ ZKLFKñ ZH XVHG LQ WKLV UHVHDUFK

SHUIRUPV XSZDUG RU GRZQZDUG FRQWLQXDWLRQ RI 8 õ[ñ ]  ]ìñ Wô WR SURGXFH 8 õ[ñ ]  

]ëñ Wô XVLQJ D ILQLWH GLIIHUHQFH H[WUDSRODWRUVï $ FRPSXWHU SURJUDP GHVLJQHG WR

LPSOHPHQW ZDYH HTXDWLRQ GDWXPLQJ PXVW KDYH VRPH PHWKRG RI GHVFULELQJ WKH LQSXW

DQG RXWSXW GDWXPV DV FXUYHV LQ õ[ñ ]ô VSDFHñ WRJHWKHU ZLWK VRPH PHWKRG IRU GHILQLQJ

WKH ZDYH SURSDJDWLRQ YHORFLW\ LQ WKH PHGLXP ERXQGHG E\ WKH WZR GDWXPVï



&KDSWHU é

6HPLðUHFXUVLYH .LFKKRII 0LJUDWLRQ DQG 'DWD ([DPSOHV

7KLV FKDSWHU ZLOO GHVFULEH WKH ZRUN WKDW ZH GLG ZLWK WKH 0DUPRXVL GDWD RQ 3UR0$;ï 7KH

ILUVW SDUW ZLOO H[SODLQ WKH GDWD SUHSDUDWLRQï 7KH VHFRQG SDUW LV WKH VWDQGDUG .LUFKKRII

PLJUDWLRQ ZH SHUIRUPHG RQ WKH 0DUPRXVL GDWDï 7KH WKLUG SDUW LV WKH ZDYH HTXDWLRQ

GDWXPLQJñ ZKLFK ZH GLG RQ WKH V\QWKHWLF WUDFHVñ 0DUPRXVL GDWD DQG WKH YHORFLW\ PRGHOï

7KH ODVW SDUW ZLOO EH WKH .LUFKKRII PLJUDWLRQ RI WKH UHGDWXPHG GDWDï $OO RI WKDW ZLOO EH

VXSSRUWHG ZLWK GDWD H[DPSOHVï

éïì 'DWD SUHSDUDWLRQã

6HLVPLFã

7KH 0DUPRXVL GDWD ZDV WUDQVFULEHG IURP 6(*ð< IRUPDW õ,(((ôï $ WUDFH KHDGHU

GXPS ZDV GRQH WR ORFDWH WUDFH KHDGHUV E\WH ORFDWLRQVï 7KH IROORZLQJ KHDGHUV ZHUH

UHFRYHUHGã

)),' E\WH ä

&+$1 E\WH ìê

&'3 E\WH ëì

6+7ð; E\WH æê

6+7ð< E\WH ææ

5(&ð; E\WH åì

5(&ð< E\WH åè



$ QHDU WUDFH VWDFN ZDV JHQHUDWHG WR FKHFN WKH FRRUGLQDWHV DV ZHOO DV VXFFHVVIXO ORDGLQJ RI

WKH GDWD RQ WR 3UR0$; õ/DQGPDUN SURFHVVLQJ SDFNDJHôï 7KH 3UR0$; LV D ZLGHO\ XVHG

VHLVPLF SURFHVVLQJ SDFNDJH DPRQJ JHRSK\VLFLVWV DQG JHRORJLVWVï )LJXUH õéïìô VKRZV

)),' éííí DIWHU WKH GDWD ZHUH ORDGHG RQ WR 3UR0$;ï

)LJXUH éïì 0DUPRVXL V\QWKHWLF GDWD )),' éííí

9HORFLW\ã

7KH YHORFLW\ PRGHO ZDV WUDQVFULEHG IURP 6(*ð< IRUPDW õ,(((ôï $IWHU ORFDWLQJ

WUDFH KHDGHU E\WH ORFDWLRQVñ LW DSSHDUHG WKDW WKH PRGHO ZDV WUDQVSRVHGï $ SURFHVVLQJ IORZ

ZDV VHW XS RQ 3UR0$; WR URWDWH WKH PRGHO VR LW ZRXOG PDWFK WKH VHLVPLF GDWDï ë'

JHRPHWU\ ZDV ORDGHG WR WKH WUDFH KHDGHUV RI WKH YHORFLW\ PRGHO VR &'3 QXPEHUV ZRXOG



PDWFK WKH VHLVPLF GDWDï )LJXUH õéïëô VKRZV WKH YHORFLW\ PRGHO DIWHU WKH WUDQVSRVLWLRQï 7KH

FRORUV FRUUHVSRQG WR YHORFLW\ UDQJH RI ìèíí Pï îVHFï WR èèíí Pï îVHFï 7KH VWUXFWXUH LV

GRPLQDWHG E\ JURZWK IDXOWV WKDW DULVH IURP VDOW FUHHS DQG FDXVH WKH FRPSOLFDWHG YHORFLW\

VWUXFWXUH LQ WKH VKDOORZ SDUW RI WKH PRGHO õ%HYFñ ìääæôï 7KH REMHFWLYH LV WKH UHVHUYRLU LQ

WKH DQWLFOLQH VWUXFWXUH EHORZ VDOW ZKHUH LPDJLQJ WHFKQLTXH XVLQJ .LUFKKRII PLJUDWLRQ LQ

FRQMXQFWLRQ ZLWK ILUVW DUULYDO WUDYHO WLPHV GRHV QRW ZRUN õ*HROWUDLQ DQG %UDFñ ìääêôï

)LJXUH éïë 0DUPRXVL YHORFLW\ PRGHO



éïë 3UHðVWDFN .LUFKKRII PLJUDWLRQ RI WKH 0DUPRXVL GDWD

%HIRUH ZH UXQ WKH GDWD ZLWK WKH VHPLðUHFXUVLYH PHWKRGñ D VWDQGDUG .LUFKKRII

GHSWK PLJUDWLRQ RI WKH 0DUPRXVL GDWD ZDV QHHGHG WR XVH DV D FRPSDULVRQ ZLWK WKH ILQDO

LPDJH ZH JHW IURP WKH VHPLðUHFXUVLYH PHWKRGï 7KH .LUFKKRII PLJUDWLRQ DOJRULWKP ZH

XVHG RQ 3URP0$; ZDV WKH 3UHVWDFN .LUFKKRII 'HSWK 0LJUDWLRQ õVHH DSSHQGL[ IRU WKH

SURFHVVLQJ IORZôï ,W SHUIRUPV D PLJUDWLRQ E\ DSSO\LQJ D *UHHQ©V IXQFWLRQ WR HDFK &'3

ORFDWLRQ XVLQJ D WUDYHO WLPH PDSï 7UDYHO WLPHV PDSV UHODWH WKH WLPH IURP HDFK VXUIDFH

ORFDWLRQ WR D UHJLRQ RI SRLQWV LQ WKH VXEVXUIDFHï 7KLV PLJUDWLRQ XVHV D YHUWLFDOO\ DQG

ODWHUDOO\ YDULDQW LQWHUYDO YHORFLW\ ILHOG LQ GHSWKñ 9LQW õ[ñ]ôï )RU WUDYHO WLPH PDS

FRPSXWDWLRQ ZH XVHG ,PSOLFLW (LNRQDO 6ROYHUï

$IWHU DOO RI WKH 0DUPRXVL V\QWKHWLF GDWD ZHUH ORDGHGñ ZH VHW XS D IORZ WR SHUIRUP

D VWDQGDUG .LUFKKRII PLJUDWLRQ XVLQJ ILUVW DUULYDO WUDYHO WLPHV FDOFXODWHG ZLWK WKH ILQLWH

GLIIHUHQFH HLNRQDO HTXDWLRQ VROYHUï 7KH IORZ ZH XVHG WR SHUIRUP WKH PLJUDWLRQ DV IROORZVã

'LVN GDWD LQSXW

5HDG WKH GDWD VRUWHG LQ )),'

7UDFH PXWLQJ

$SSO\ D UDPS RQ PXWH WR WKH ILUVW DUULYDO

3UHVWDFN .LUFKKRII PLJUDWLRQ

)LQLWH GLIIHUHQFH HLNRQDO HTXDWLRQ VROYHU

'LVN GDWD RXWSXW

2XWSXW WKH GDWD DIWHU PLJUDWLRQï



7KH RXWSXW RI WKH PLJUDWLRQ LV FRPPRQ LPDJH JDWKHUVâ )LJXUH õéïêô VKRZV VRPH RI WKH

PLJUDWHG JDWKHUVï 7KH JDWKHUV LQ WKH VKDOORZ VHFWLRQ VKRZ D JRRG IODW HYHQWñ EXW DW D

GHSWK RI DURXQG ëèíí PHWHUV WKH VHFWLRQ LV QRW LPDJHG YHU\ ZHOO DQG WKLV LV ZKDW ZH

H[SHFWHG JLYHQ WKH FRPSOH[LW\ RI WKH PRGHO DQG XVLQJ WKH ILUVW DUULYDO WUDYHO WLPHVï 7KHVH

JDWKHUV ZHUH PXWHG WR FOHDQ XS WKH ZDYHOHW VWUHWFKLQJ DQG WKHQ VWDFNHGï

)LJXUH éïê 'HSWK PLJUDWHG JDWKHUV

)LJ õéïéô VKRZV D VWDFNHG VHFWLRQ IRU WKH ZKROH 0DUPRXVL PRGHOï 7KH VWDFN VKRZV ZHOO

LPDJHG IDXOWV LQ WKH VKDOORZ VHFWLRQ DV ZHOO DV WKH EHGV RQ ERWK VLGHV RI WKH PRGHOï

+RZHYHUñ WKH LPDJH DW WKH WDUJHW DQWLFOLQH ]RQH LV QRW ZHOO LPDJHGï

)LJ õéïèô VKRZV WKH YHORFLW\ PRGHO ZLWK WKH VWDFN DV D WHPSODWH LQ WKH EDFNJURXQGï



)LJXUH éïé 'HSWK PLJUDWHG VWDFN

)LJXUH éïè 'HSWK PLJUDWHG VWDFN ZLWK WKH YHORFLW\ DV D WHPSODWH



$ GHWDLOHG DQDO\VLV RI WKH UHVXOWV RI WKH PLJUDWLRQ VWDFN VHFWLRQ VKRZHG WKDW WKH

XSSHU ëðNP LV ZHOO LPDJHG EHFDXVH WKH ILUVW DUULYDO WUDYHO WLPHV DFFXUDWHO\ SDUDPHWHUL]H

WKH KLJK HQHUJ\ SRUWLRQ RI WKH ZDYH ILHOGï 7KH OHIW DQG ULJKW VLGHV RI WKH VHFWLRQ DUH ZHOO

LPDJHG EHFDXVH WKH YHORFLW\ PRGHO LV UHODWLYHO\ VLPSOHï +RZHYHUñ WKH FHQWUDO SRUWLRQ LV

FRPSOLFDWHG E\ WKH RYHUO\LQJ IDXOWVñ DQG WKH IDVW VDOW YHORFLW\ SURGXFHG D SRRU LPDJH DW

WKH WDUJHW DQWLFOLQH õëèíí PHWHUVôï 7KLV SRRU LPDJH DV D UHVXOW RI WKH EUHDN GRZQ RI WKH

FDOFXODWLRQ RI WKH ILUVW DUULYDO WUDYHO WLPHV LV ZKDW ZH DGGUHVV ZLWK RXU ZRUNï

éïê 3UHðVWDFN ZDYH HTXDWLRQ GDWXPLQJ

3UHVWDFN ZDYH HTXDWLRQ GDWXPLQJ SHUIRUPV GDWXPLQJ RQ XQVWDFNHG GDWD XVLQJ

H[SOLFLW ILQLWH GLIIHUHQFH H[WUDSRODWRUVï 7KLV SURFHVV SHUIRUPV GDWXPLQJ RQ HLWKHU VKRWV RU

UHFHLYHUVï ,I WKH LQSXW LV VKRW RUGHUHGñ UHFHLYHUV ZLOO EH GDWXPHGï ,I WKH LQSXW LV UHFHLYHU

RUGHUHGñ VKRWV ZLOO EH GDWXPHGï 7R FRPSOHWHO\ SHUIRUP SUHVWDFN GDWXPLQJñ DSSOLFDWLRQ WR

ERWK VKRWV DQG UHFHLYHUV LV UHTXLUHG õVHH DSSHQGL[ IRU WKH SURFHVVLQJ IORZôï 7KH YHORFLW\

LV HQWHUHG LQ DQ LQWHUYDO YHORFLW\ YHUVXV GHSWK WDEOHñ DQG UHIHUHQFHG WR WKH ILQDO GDWXPï

6\QWKHWLF H[HUFLVHã

%HIRUH ZH UDQ WKH SUHVWDFN ZDYH HTXDWLRQ UHGDWXP RQ WKH 0DUPRXVL GDWDñ WKH LGHD

RI UXQQLQJ WKLV SURFHVV WKURXJK D VLPSOH V\QWKHWLF GDWDVHW FDPH XSñ VR ZH ZRXOG KDYH D

EHWWHU XQGHUVWDQGLQJ RI WKH SURFHVV ZLWKRXW WKH FRPSOH[LW\ RI WKH DFWXDO 0DUPRXVL

VHLVPLF GDWDï ,Q RUGHU WR GR WKDWñ RQ 3UR0$; ZH XVHG D SURJUDP FDOOHG V\QWKHWLF IRU

OLQHDU Y õ[ñ]ôï 6\QWKHWLF IRU OLQHDU Y õ[ñ]ô JHQHUDWHV D V\QWKHWLF 3ðZDYH VHLVPRJUDP IRU

VSHFLILHG UHIOHFWRUV HPEHGGHG LQ D VXEVXUIDFH IRU ZKLFK YHORFLW\ YDULHV OLQHDUO\ï 7KLV WRRO



UHDGV WUDFHV DQG UHSODFHV WKHP ZLWK V\QWKHWLF WUDFHVï $OO WUDFH KHDGHUV DQG JHRPHWU\ ZHUH

FRSLHG LQWR WKH V\QWKHWLF WUDFH KHDGHUVï 7ZR UHIOHFWRUV ZHUH JHQHUDWHG DW WLPH ëïí DQG ëïè

VHFRQGV DV LQSXWï )LJXUH õéïçô VKRZV WKH V\QWKHWLF GDWDï

)LJXUH éïç 6\QWKHWLF GDWD

$ IORZ ZDV VHW XS WR GDWXP WKH UHFHLYHUV E\ UHDGLQJ WKH GDWD LQ VKRW RUGHUï 7KH

GDWXPLQJ ZDV GRQH ZLWK D FRQVWDQW YHORFLW\ RI ëííí Pï îVHF DQG WKH HOHYDWLRQ WR GDWXPL]H

WR ZDV ¤ìííí PHWHUVï )LJXUH õéïæô VKRZV WKH V\QWKHWLF GDWD DIWHU UHFHLYHU UHGDWXPï 7KH

GDWD DIWHU WKH UHFHLYHU UHGDWXP ZDV WKH LQSXW WR WKH VRXUFH UHGDWXPï 7KH VRXUFH UHGDWXP

ZDV GRQH ZLWK WKH VDPH FRQVWDQW YHORFLW\ ëíííPîVHF DQG GDWXPL]HG WR HOHYDWLRQ RI ¤

ìííí PHWHUVï )LJXUH õéïåô VKRZV WKH GDWD DIWHU VRXUFH UHGDWXPï



)LJXUH éïæ 6\QWKHWLF GDWD DIWHU UHGDWXP RI WKH UHFHLYHUV

)LJXUH éïå 6\QWKHWLF GDWD DIWHU UHGDWXP RI WKH VRXUFH



7ZR REVHUYDWLRQV PXVW EH PHQWLRQHG DIWHU WKLV H[HUFLVHã

x $IWHU HDFK UHGDWXP VWHS WKH GDWD ZDV VKLIWHG XS E\ ¤íïè VHFRQGVñ DQG WKDW LV FRUUHFW

JLYHQ WKDW ZH DUH XVLQJ D FRQVWDQW YHORFLW\ RI ëííí PHWHUVîVHFRQG DQG GDWXPL]LQJ WR

DQ HOHYDWLRQ RI ¤ìíííï

x 7KHUH LV D OLQHDU QRLVH WUDLQ JHQHUDWHG EHFDXVH RI WKH UHGDWXP SURFHVV DW WKH HGJHVï

:H GLG HOLPLQDWH WKLV QRLVH E\ SDGGLQJ WUDFHV RQ WKH HGJHV DV ZHOO DSSO\LQJ WRS DQG

ERWWRP FOHDQðXS PXWHV EHIRUH WKH UHGDWXPï

7KH GDWD DIWHU ERWK UHGDWXP VWHSV ZDV PLJUDWHG XVLQJ SUHVWDFN .LUFKKRII PLJUDWLRQï

&RPPRQ LPDJH õ&,*ô JDWKHUV ZHUH JHQHUDWHG WKHQ VWDFNHGï )LJXUH õéïäô VKRZV PLJUDWHG

&,* JDWKHUV DQG )LJXUH õéïìíô VKRZV D VWDFN RI WKH V\QWKHWLF &,* JDWKHUVï

)LJXUH éïä 'HSWK PLJUDWHG JDWKHUV RI WKH V\QWKHWLF GDWD



)LJXUH éïìí 'HSWK PLJUDWHG VWDFN RI WKH V\QWKHWLF GDWD

7KH H[HUFLVH ZDV D JRRG WHVW IRU WKH SURJUDPV DQG WKH IORZV ZH ZLOO EH XVLQJ ZLWK WKH

0DUPRVXL GDWDï 7KH QRLVH JHQHUDWHG E\ WKH GDWXPLQJ SURFHVV QHHGV WR EH DGGUHVVHG

EHIRUH GDWXPLQJ WKH 0DUPRXVL GDWDï 7KH QH[W SDUDJUDSK H[SODLQV KRZ ZH WDNH FDUH RI WKH

QRLVH SUREOHPï

0DUPRXVL GDWDã

$IWHU ZH ILQLVKHG WKH V\QWKHWLF H[HUFLVHñ ZH SHUIRUPHG WKH VDPH H[HUFLVH RQ WKH

0DUPRXVL GDWDï :H VWDUWHG ZLWK WKH RULJLQDO GDWDâ )LJXUH õéïìô VKRZV )),' éííí IURP WKH

RULJLQDO GDWDï 7KLV GDWD ZDV WKH LQSXW WR WKH ILUVW VWHSñ ZKLFK ZDV WKH UHGDWXP RI WKH



UHFHLYHU WR DQ HOHYDWLRQ RI ¤ìííí PHWHUVï 7KH YHORFLW\ ZH XVHG IRU WKH UHGDWXP ZDV WKH

0DUPRXVL YHORFLW\ PRGHOï )LJXUH õéïëô VKRZV WKH YHORFLW\ PRGHOï $ VLPLODU IORZ WR WKH

UHFHLYHU UHGDWXP RI WKH V\QWKHWLF GDWD ZDV VHW XS IRU WKH UHFHLYHU UHGDWXP RI WKH

0DUPRXVL GDWDï )LJXUH õéïììô VKRZV WKH VDPH )),' éííí DIWHU WKH UHFHLYHU UHGDWXPï

&OHDUO\ ZH GR QRW KDYH WKH QRLVH ZH VDZ LQ WKH V\QWKHWLF GDWD GXH WR WUDFH SDGGLQJ õëí

WUDFHVô ZH DGG WR WKH JDWKHUV DQG WKH FOHDQðXS PXWH ZH DSSOLHGï 7KH VDPH H[HUFLVH ZDV

DSSOLHG WR WKH VRXUFH UHGDWXPï )LJXUH õéïìëô VKRZV WKH VDPH )),' éííí DIWHU WKH VRXUFH

UHGDWXPï &RPPRQ RIIVHWV ZHUH FKHFNHG JLYHQ WKDW ZH ZRXOG QH[W UXQ WKH PLJUDWLRQ LQ

WKH FRPPRQ RIIVHW GRPDLQï )LJXUH õéïìêô VKRZV RIIVHWV ëèí DQG éèí IURP WKH UHGDWXP

GDWDï /RRNLQJ DW RIIVHW éèí ZH FDQ VHH WKH GDWD DW WKH WDUJHW ]RQH LV IUHH RI QRLVH DQG WKDW

ZLOO KHOS WKH PLJUDWLRQ SURFHVV WR LPDJH DW WKDW GHSWKï

)LJXUH éïìì )),' éííí DIWHU UHGDWXP RI WKH UHFHLYHUV



)LJXUH éïìë )),' éííí DIWHU UHGDWXP RI WKH VRXUFH

)LJXUH éïìê &RPPRQ RIIVHWV ëèí÷éèí IURP WKH UHGDWXP GDWD



9HORFLW\ 0RGHOã

$IWHU PXFK WHVWLQJ RI WKH PLJUDWLRQ DOJRULWKP ZH IRXQG WKDW ZH FRXOG QRW XVH WKH

RULJLQDO YHORFLW\ PRGHO IRU WKH PLJUDWLRQ RI WKH UHGDWXPHG GDWDï $ PRGXOH RQ 3UR0$;

FDOOHG ¦9HORFLW\ PDQLSXODWLRQ§ DOORZHG XV WR UHGDWXP D YHORFLW\ PRGHO WR D XVHUðGHILQHG

HOHYDWLRQ õVHH DSSHQGL[ IRU WKH SURFHVVLQJ IORZôï )LJXUH õéïìéô VKRZV WKH YHORFLW\ PRGHO

DIWHU WKH UHGDWXP WR HOHYDWLRQ RI ðìííí PHWHUVï

)LJXUH éïìé 0DUPRXVL YHORFLW\ PRGHO UHGDWXPHG WR ¤ìííí PHWHUV

%\ DFFRPSOLVKLQJ WKH GDWXPLQJ RI WKH YHORFLW\ DQG WKH VHLVPLF GDWDñ ZH DUH UHDG\ WR WDNH

WKLV GDWD DQG PLJUDWH LW DQG FRPSDUH WKH UHVXOWV WR WKH VWDQGDUG .LUFKKRII PLJUDWLRQ ZH

DFKLHYHG LQ FKDSWHU éïëï



éïé 3UHðVWDFN .LUFKKRII PLJUDWLRQ RI WKH UHGDWXPHG 0DUPRXVL GDWD

7KH FRPPRQ RIIVHWV IURP WKH UHGDWXPHG GDWD ZHUH WKH LQSXW WR WKH .LUFKKRII GHSWK

PLJUDWLRQ DOJRULWKPï $ IORZ ZDV VHW XS WR SHUIRUP WKH PLJUDWLRQ õVHH DSSHQGL[ IRU

WKH SURFHVVLQJ IORZôï ,Q WKLV PLJUDWLRQ ZH KDYH WUXQFDWHG WUDFH OHQJWK WR FOHDQ WKH

ERWWRP SDUW RI WKH GDWD IURP WKH ZUDS DURXQG GDWD IURP WKH UHGDWXP SURFHVVï $ WRS

PXWH ZDV DSSOLHG SUHðPLJUDWLRQ IRU FOHDQ XS RI WKH GDWD SULRU WR WKH PLJUDWLRQï

/RRNLQJ DW VRPH RI WKH FRPPRQ RIIVHWV DIWHU WKH PLJUDWLRQ ZH QRWLFHG WKDW WKH

WDUJHW ]RQH LV PXFK EHWWHU LPDJHG WKDQ EHIRUHñ HVSHFLDOO\ WKH DQWLFOLQH EHQHDWK WKH VDOW

DQG WKH VDOW ERGLHVï )LJXUH õéïìèô DQG õéïìçô VKRZ RIIVHWV ëèí DQG éèí DIWHU WKH PLJUDWLRQï

)LJXUH éïìè &RPPRQ RIIVHW ëèí DIWHU .LUFKKRII GHSWK PLJUDWLRQ



)LJXUH éïìç &RPPRQ RIIVHW éèí DIWHU .LUFKKRII GHSWK PLJUDWLRQ

)LJXUH õéïìæô VKRZV IXOO RIIVHWV PLJUDWHG &,*©Vï 7KH GDWD DURXQG ìèíí PHWHUV LV PXFK

EHWWHU LPDJHG LI ZH FRPSDUH WKRVH JDWKHUV WR WKH VDPH JDWKHUV EHIRUH WKH UHGDWXP DW ëèíí

PHWHUVï 7KH JDWKHUV WKHQ ZHUH VWDFNHGâ )LJXUH õéïìåô VKRZV WKH VWDFN RI WKH UHGDWXPHG

GDWD IURP í WR ë .0 ZKLFK FRUUHVSRQG WR ì WR ê .0 LQ WKH RULJLQDO PLJUDWHG VHFWLRQï

&OHDUO\ ZH FDQ VHH ZH KDYH D PXFK EHWWHU IRFXVHG LPDJH DW GHSWKV EHWZHHQ ëïë WR êïí

NPñ HVSHFLDOO\ DW WKH WDUJHW DQWLFOLQH DV ZHOO WKH EHGV RQ ERWK VLGHV RI WKH PRGHOï 7KH

VWDFN VHFWLRQ LV GLVSOD\HG DV D WHPSODWH ZLWK WKH UHGDWXP YHORFLW\ )LJXUH õéïìäôï



)LJXUH éïìæ 'HSWK PLJUDWHG JDWKHUV DIWHU UHGDWXP

)LJXUH éïìå 'HSWK PLJUDWHG VWDFN DIWHU UHGDWXP



)LJXUH éïìä 'HSWK PLJUDWHG VWDFN DIWHU UHGDWXP ZLWK WKH YHORFLW\ PRGHO DV D WHPSODWH

,I ZH FRPSDUH WKH VWDFN VHFWLRQ RI WKH UHGDWXP GDWD WR WKH VDPH VHFWLRQ ZH KDG

EHIRUH WKH UHGDWXP ZH FDQ QRW PLVV WKH LPSURYHPHQW ZH KDYH DFKLHYHG LQ WKH ERWWRP ì

NP RI WKH VHFWLRQñ HVSHFLDOO\ DW WKH WDUJHW DQWLFOLQH DV ZHOO DV WKH VDOW ERGLHVï $QG WKLV LV

WKH XSVKRW RI WKH H[HUFLVHã E\ DSSO\LQJ WKH ZDYH HTXDWLRQ GDWXPLQJ WR WKH GDWD ZH

EDVLFDOO\ ORZHUHG WKH VRXUFH DQG UHFHLYHUV WR D QHZ GDWXPñ WKHUHE\ HQVXULQJ WKDW WKH ILUVWð

DUULYDO WUDYHO WLPHV DUH D EHWWHU DSSUR[LPDWLRQ WR WKH PRVW HQHUJHWLF DUULYDOVï 7KHQ E\

SHUIRUPLQJ .LUFKKRII PLJUDWLRQ IURP WKH QHZ GDWXP ZH DFKLHYHG D PXFK EHWWHU IRFXVHG

LPDJH FRPSDUHG WR WKH VDPH LPDJH ZH KDG EHIRUH WKH UHGDWXP SURFHVVï



&KDSWHU è

'LVFXVVLRQ DQG )XWXUH :RUN

'LVFXVVLRQã

7KH ZRUN ZH KDYH GRQH VKRZHG WKDW ZH FDQ JHW D EHWWHU IRFXVHG LPDJHñ HVSHFLDOO\

LI ZH DUH WU\LQJ WR LPDJH D FRPSOH[ VWUXFWXUHñ E\ XVLQJ WKH VHPLðUHFXUVLYH PLJUDWLRQ

PHWKRGï +RZHYHUñ WKLV PHWKRG KDV EHQHILWV EH\RQG WKDWã

x $IWHU WKH UHGDWXP SURFHVVñ WKH WUDFHV JHW VKRUWHUâ KHQFHñ FRPSXWDWLRQ DQG VWRUDJH

UHTXLUHPHQWV DUH UHGXFHGï

x $IWHU HDFK UHGDWXP WKH DSHUWXUH IRU WKH PLJUDWLRQ DQG WKH UHGDWXP FDQ EH UHGXFHGï

7KLV ZLOO QRW RQO\ UHGXFH WKH QXPEHU RI FDOFXODWLRQVñ EXW DOVR WKH DPRXQW RI WKH LQSXW

GDWD NHSW LQ PHPRU\ IRU DQ\ JLYHQ RXWSXW ORFDWLRQï

x %\ GRLQJ WKLV H[HUFLVH XVLQJ D ZLGHO\ XVHG SURFHVVLQJ SDFNDJH õ3UR0$;ôñ ZH

VKRZHG WKDW ZH FRXOG DSSO\ WKLV PHWKRG ZLWK VRIWZDUH WKDW DOUHDG\ H[LVWVï 7KDW LV LQ

LWVHOI DQ DGYDQWDJH ZH VKRXOG H[SORUH LQ RWKHU GDWD VHWV ZKLFK PD\ EHQHILW IURP WKLV

WHFKQLTXHï

x ,Q WKH GDWD H[DPSOHV SUHVHQWHGñ ZH UHGDWXPHG WKH GDWD WR D IODW VXUIDFHï $W WKLV SRLQW

ZH GR QRW VHH D UHDVRQ QRW WR UHGDWXP WKH GDWD WR DQ DUELWUDU\ VXUIDFH VXFK DV WKH

ZDWHU ERWWRP LQ FDVH RI GHHSðZDWHU H[SORUDWLRQï 7KLV SRLQW LV YHU\ LPSRUWDQW JLYHQ WKH

SRWHQWLDO ZRUOGZLGH IRU GHHSZDWHU H[SORUDWLRQï :LWK GHHSðZDWHU GDWD IURP :HVW



$IULFDñ %UD]LO DQG *XOI RI 0H[LFRñ WKH VHPLðUHFXUVLYH PLJUDWLRQ LV D WHFKQLTXH WKDW

VKRXOG EH HYDOXDWHG WR JHW D EHWWHUðIRFXVHG LPDJH LQ VXFK DUHDVï

)XWXUH ZRUNã

)URP WKH H[SHULHQFH ZH EXLOW WKURXJK FDUU\LQJ RXW WKLV H[HUFLVHñ ZH EHOLHYH WKDW

WKH IXWXUH IRU WKLV ZRUN GHILQLWHO\ LV LQ WKH êð' GRPDLQï 7KH DGYDQWDJHV ZH JHW IURP WKH

êð' DSSURDFK DUH KXJHñ HVSHFLDOO\ ZKHUH GHWDLOHG LPDJLQJ LV UHTXLUHGï +RZHYHUñ WKLV

FRPHV ZLWK D SULFH RI D KXJH DPRXQW RI GDWD WR KDQGOHï 7KH FKDOOHQJHV ZH ZLOO IDFH ZKHQ

H[WHQGLQJ WKLV H[HUFLVH WR êð' ZRXOG EHã

x +RZ IDVW ZH FDQ JHW WKH ZDYH HTXDWLRQ GDWXPLQJ GRQH RQ D KXJH DPRXQW RI GDWDï

x +RZ WKH ZDYH HTXDWLRQ GDWXPLQJ ZLOO KDQGOH WKH LUUHJXODU VDPSOLQJ WKDW ZH KDYH

ZLWK êð' RQ ERWK ODQG DQG PDULQH GDWDï

$QRWKHU DUHD WR VHH LI WKLV PHWKRG LV DSSOLFDEOH LV GHHSZDWHU GDWDï 7KLV PHWKRG VKRXOG

EH WKH ZD\ WR JRï 7KH GDWD IURP VXFK DUHDV VKRXOG EHQHILW IURP WKLV PHWKRG LQ WKH

IROORZLQJ ZD\Vã

x %HWWHU IRFXVHG LPDJHV DW JUHDWHU GHSWKï

x %HWWHU KDQGOH RQ IL[LQJ SUREOHPV LQ GHHSZDWHU H[SORUDWLRQ VXFK DV YHORFLW\ HUURU DQG

VWDWLF VKLIW EHFDXVH RI D FKDQJH LQ ZDWHU WHPSHUDWXUHV RU FKDQJH LQ DFRXVWLF

LPSHGDQFH õEHFDXVH RI WKH H[LVWHQFH RI IUHVK ZDWHU QHDU ULYHUVñ IRU LQVWDQFHôï 7KH

YHORFLW\ HUURU RU VWDWLF VKLIW FDXVHV GLVWRUWLRQ RI WKH LPDJHï



x &RVW LV DOZD\V DQ LVVXHâ WKLV PHWKRG VKRXOG VDYH PRQH\ DQG HIIRUWï 2QH H[DPSOH RI

VDYLQJ PRQH\ LV E\ VKRUWHQLQJ WKH WUDFH OHQJWK E\ WDNLQJ RXW WKH OHQJWK RI WKH ZDWHU

FROXPQ ZKLFK LQ VRPH FDVHV LV XS WR èíø RI WKH WUDFH OHQJWKñ WKHUHE\ VDYLQJ LQ WKH

DPRXQW RI FRPSXWDWLRQ DQG VWRUDJH VSDFHV õZKLFK LV DQ LVVXH LQ FDVH RI êð'ôï %\

JHWWLQJ D JRRG LPDJH ZH PRVW OLNHO\ DYRLG UHSURFHVVLQJ RI WKH GDWD DQG WKDW LV LQGHHG

VDYHV HIIRUWï



&KDSWHU ç

&RQFOXVLRQ

%\ FRPELQLQJ SUHVWDFN ZDYH HTXDWLRQ GDWXPLQJ DQG SUHVWDFN .LUFKKRII

PLJUDWLRQñ ZH DFKLHYHG D PXFK EHWWHU IRFXVHG LPDJH FRPSDUHG WR WKH VWDQGDUG .LUFKKRII

PLJUDWLRQï :H KDYH GRQH WKLV E\ XVLQJ D PHWKRG FDOOHG VHPLðUHFXUVLYH .LUFKKRII

PLJUDWLRQï 7KLV PHWKRG LV EDVHG RQ ZDYH HTXDWLRQ GDWXPLQJ RI WKH VHLVPLF GDWD DQG

VXEGLYLVLRQV RI WKH YHORFLW\ PRGHO ZKHUH WKH WUDYHO WLPH FDOFXODWLRQ ZLWK ILQLWH

GLIIHUHQFLQJ WKH HLNRQDO HTXDWLRQ LV YDOLGï %\ GLYLGLQJ WKH YHORFLW\ PRGHOñ WKH QXPEHU RI

WUDYHO WLPHV WKDW QHHG WR EH FDOFXODWHG LV GUDPDWLFDOO\ UHGXFHGñ DQG KHQFH VWRUDJH VSDFH LV

VLJQLILFDQWO\ UHGXFHGï 7KH NH\ SRLQW LQ WKH FDOFXODWLRQ RI WKH WUDYHO WLPH LV WKDW WKH WUDYHO

WLPHV VKRXOG FRUUHVSRQG WR WKH PRVW HQHUJHWLF DUULYDOV DQG FRQVHTXHQWO\ HQG XS ZLWK D

JRRG LPDJHï $UHDV ZLOO EHQHILW WKH PRVW IURP WKLV PHWKRG ZKHUH ZH KDYH FRPSOH[

JHRORJLF VWUXFWXUHV ZLWK GHHS WDUJHWV DQG FRPSOH[ YHORFLW\ PRGHOV ZLWK UDSLG ODWHUDO

YHORFLW\ YDULDWLRQVï

:KLOH SHUIRUPLQJ WKH VHPLðUHFXUVLYH PLJUDWLRQ PHWKRGñ ZH GLG QRW XVH SURSULHWDU\

FRGHVñ ZKLFK DUH JHQHUDOO\ QRW DYDLODEOHñ EXW LQVWHDG ZH XVHG D ZLGHO\ XVHG

SURFHVVLQJ SDFNDJH ZLWK LWV H[LVWLQJ VRIWZDUHï 7KDW LQ LWVHOI LV D ELJ DGYDQWDJH

EHFDXVH ZH WKLQN WKHUH DUH ORWV RI VHLVPLF GDWD ZKLFK ZLOO EHQHILW IURP WKLV PHWKRGñ

EXW QRERG\ NQRZV WKDW WKLV WHFKQLTXH LV DYDLODEOH DQG UHDG\ WR XVHï ,Q WKH H[DPSOH ZH

VKRZHGñ ZH



GRZQZDUG FRQWLQXHG WKH GDWD WR D IODW VXUIDFHñ EXW WKHUH LV QR UHDVRQ QRW WR XVH DQ

DUELWUDU\ VXUIDFH VXFK DV WKH ZDWHU ERWWRP LQ WKH FDVH RI PDULQH GHHS ZDWHUï

8VLQJ WKH ILQLWH GLIIHUHQFH PHWKRG WR FRPSXWH WUDYHO WLPHV LV QRW D OLPLW WR WKH

VHPLðUHFXUVLYH PLJUDWLRQâ ZH FDQ XVH DQ\ RWKHU PHWKRG DV ORQJ WKH FDOFXODWLRQ RI WKH

WUDYHO WLPHV LV DFFXUDWHï 7KH EHWWHU WKH WUDYHO WLPHV FDOFXODWHGñ WKH EHWWHU WKH ILQDO LPDJHï

+RZHYHUñ LQWHQVLYH FRPSXWDWLRQ RI WKH WUDYHO WLPH LV QRW QHHGHG ZLWK WKH VHPLðUHFXUVLYH

PHWKRGñ DQG WKDW LV RQH RI WKH HIILFLHQW DQG FRVW HIIHFWLYH IDFWRUV ZH FDQ DFFRPSOLVK ZLWK

WKLV PHWKRG ZLWKRXW DIIHFWLQJ WKH ILQDO LPDJHï 0RUHRYHUñ ZH VKRZHG ZLWK WKH 0DUPRXVL

GDWD H[DPSOHV WKDW ZH FDQ DFFRPSOLVK D EHWWHU LPDJHï



%LEOLRJUDSK\

õìô %ï5 -XLOLDQ DQG 'ï *XEELQVñ ìäææï 7KUHHðGLPHQVLRQDO VHLVPLF UD\ WUDFLQJã

-ï *HRSK\Vï 5HVïñ éêãäèðììêï

õëô 6FKQHLGHUñ :ï $ïñ ìäæåï ,QWHJUDO IRUPXODWLRQ IRU PLJUDWLRQ LQ WZR DQG WKUHH

GLPHQVLRQVï *HRSK\VLFVñ éêãéäðæç

õêô %HUU\KLOOñ -ï 5ïñ ìäæäï :DYH HTXDWLRQ GDWXPLQJã *HRSK\VLFV éäãìêëäðìêééï

õéô %HUU\KLOOñ -ï 5ïñ ìäåéï :DYH HTXDWLRQ GDWXPLQJ EHIRUH VWDFNã *HRSK\VLFVñ

éäãëíçéðëíçæï

õèô 5HVKHIñ 0ïñ DQG .RVORIIñ 'ïñ ìäåéï 0LJUDWLRQ RI FRPPRQ VKRW JDWKHUVã

*HRSK\VLFVñ èìãêëéðêêìï

õçô 'DLñ 7ï .XRñ -ï 7ïñ ìäåçï 5HDG GDWD UHVXOWV RI .LUFKKRII HODVWLF ZDYH PLJUDWLRQï

*HRSK\VLFVñ èìãìííçðìíììï

õæô *UD\ñ 6ï +ïñ ìäåçï (IILFLHQW WUDYHO WLPH FDOFXODWLRQ IRU .LUFKKRII PLJUDWLRQï

*HRSK\VLFVñ èìãìçåèðìçåå

õåô <LOPD] 2ï ìäåæï 6HLVPLF GDWD SURFHVVLQJñ &KDSWHU é

õäô 9LGDOHñ -ï ìäååï )LQLWHðGLIIHUHQFH FDOFXODWLRQ RI WUDYHO WLPHVã %XOOï6HLVï 6RFï $Pïñ

æåñ çã ëíçëðëíæçï

õìíô 9HUVWHHJñ 5ïñ *UDXñ *ïñ ìääíï 7KH 0DUPRXVL H[SHULHQFHã SURFïã ($(*

ZRUNVKRS RQ SUDFWLFDO DVSHFWV RI VHLVPLF GDWD LQYHUVLRQï

õììô %ODFTXLHUHñ *ïñ DQG 'XLMLQGDPñ $ï -ïñ ìääíï 3UHVWDFN GHSWK PLJUDWLRQ DQG

PDFUR PRGHO HVWLPDWLRQã ($(* ZRUNVKRS RQ SUDFWLFDO DVSHFWV RI VHLVPLF GDWD

LQYHUVLRQã æêðåè



õìëô 6\PHV :ïñ ìääíï 1RQðOQWHUDFWLYH HVWLPDWLRQ RI WKH 0DUPRXVL YHORFLW\

PRGHO E\ GLIIHUHQWLDO VHPEODQFH RSWLPL]DWLRQã ($(* ZRUNVKRS RQ SUDFWLFDO

DVSHFWV RI VHLVPLF GDWD LQYHUVLRQã ìëèðìêå

õìêô 9DQ 7ULHUñ -ïñ DQG 6\PHVñ :ï :ïñ ìääìï 8SZLQG ILQLWHðGLIIHUHQFH FDOFXODWLRQ RI

WUDYHO WLPHVã *HRSK\VLFVñ èçã åìëðåëìï

õìéô 3RSRYLFLñ $ï 0ïñ ìääìï )LQLWHðGLIIHUHQFH WUDYHO WLPHV PDSVã 6WDQIRUG

([SORUDWLRQ SURMHFW UHSRUWñ æíãëéèðëèç

õìèô &ODXGH )ï /ï ìääìï $ XQLWHG DSSURDFK WR FRPSOH[ VHLVPLF LPDJLQJ SUREOHPVï

3Kï'ï 7KHVLVñ 5LFH 8QLYï

õìçô 3RGYLQñ 3ïñ ìääëï )LQLWHðGLIIHUHQFH FRPSXWDWLRQ RI PXOWL YDOXHG WUDYHO WLPHVã

èéWK (XUï $VVQï ([SOï *HRSK\Vï 0HHWLQJï

õìæô *HROWUDLQñ 6ïñ DQG %UDFñ -ïñ ìääêï &DQ ZH LPDJH FRPSOH[ VWUXFWXUH ZLWK

ILUVWðDUULYDO WUDYHO WLPH" *HRSK\VLFVñ èåãèçéðèæè

õìåô *UD\ï6ï +ïñ DQG 0D\ñ :ï 3ïñ ìääêï .LUFKKRII PLJUDWLRQ XVLQJ HLNRQDO

(TXDWLRQV WUDYHO WLPHVã *HRSK\VLFVñ èäã åìíðåìæ

õìäô 1LFKROVñ 'ïñ ìääéï ,PDJLQJ FRPSOH[ VWUXFWXUH XVLQJ EDQG OLPLW *UHHQ©V

IXQFWLRQVã 3Kï'ï WKHVLVñ 6WDQIRUG 8QLYï

õëíô 6FKQHLGQHUñ :ï $ïñ ìääèï 5REXVW DQG HIILFLHQW XSZLQG ILQLWH GLIIHUHQFH

WUDYHO WLPH FDOFXODWLRQV LQ êGã *HRSK\VLFVñ çíãìììæðìääèï

õëìô $XGHEHUW )ï HW DOïñ ìääçï ,PDJLQJ FRPSOH[ JHRORJLF VWUXFWXUH ZLWK VLQJOHðDUULYDO

.LUFKKRII SUHðVWDFN GHSWK PLJUDWLRQï 6WDQIRUG ([SORUDWLRQ SURMHFW

õëëô %HYFñ 'ïñ ìääæï ,PDJLQJ FRPSOH[ VWUXFWXUHV ZLWK VHPLUHFXUVLQH .LUFKKRII

PLJUDWLRQã *HRSK\VLFVñ çëã èææðèåå



$SSHQGL[

3UR0$;©V 3URFHVVLQJ )ORZV

,Q WKLV DSSHQGL[ ZH ZLOO KDYH DOO WKH IORZV WKDW ZH VHW XS RQ 3UR0$; WR SHUIRUP
WKH IROORZLQJ SURFHVVã

x 6WDQGDUG .LUFKKRII PLJUDWLQ
x :DYH HTXDWLRQ GDWXPLQJ RI WKH V\QWKHWLF GDWD
x :DYH HTXDWLRQ GDWXPLQJ RI WKH 0DUPRXVL GDWD
x 5HGDWXP WKH 9HORFLW\ PRGHO
x .LUFKKRII PLJUDWLRQ RI WKH UHGDWXP GDWD

3UR0$; IORZ WR UXQ 6WDQGDUG .LUFKKRII PLJUDWLRQ



3UR0$; IORZ WR UHGDWXP WKH UHFHLYHUV RI WKH V\QWKHWLF GDWD

3UR0$; IORZ WR UHGDWXP WKH VRXUFH RI WKH V\QWKHWLF GDWD



3UR0$; IORZ WR UHGDWXP WKH UHFHLYHUV RI WKH 0DUPRXVL GDWD

3UR0$; IORZ WR UHGDWXP WKH VRXUFH RI WKH 0DUPRXVL GDWD



3UR0$; IORZ WR UHGDWXP WKH 0DUPRXVL YHORFLW\ PRGHO

3UR0$; IORZ WR PLJUDWH WKH UHGDWXP0DUPRXVL GDWD


